Current understanding of basal ganglia function emphasizes their involvement in the focal, context-dependent release of motor and cognitive circuits in the brainstem and frontal lobes. How such selective action can arise despite the existence of massively convergent inputs from the cerebral cortex is unknown. However, anatomical work has suggested that specificity could be achieved in corticostriatal circuits by modular patterns of convergent and divergent cortical inputs to striatal projection neurons. To test for such modular activation of striatal neurons, we electrically microstimulated physiologically identified sites in the primary somatosensory (SI) and primary motor (MI) cortex of the squirrel monkey. We compared the efferent fiber distributions anterogradely traced from these sites to the distributions of striatal neurons activated by microstimulation to express Fos-and Jun B-like immediate-early gene proteins. We show that the microstimulation of sensorimotor cortex induces Fos and Jun B expression in localized cell clusters in the putamen and that these clusters match the anatomical input fiber clusters (matrisomes). The modular activation of striatal neurons by sensorimotor cortex seems likely. Unexpectedly, Ͼ75% of the Fos-positive nuclei in densely labeled cell clusters were in enkephalin-immunoreactive neurons. This expression pattern suggests that the primate sensorimotor cortex exerts a differential influence on the enkephalinergic (indirect pathway) as opposed to the substance P/dynorphin (direct pathway) projection neurons of the putamen. The densely labeled clusters of Fos-labeled enkephalinergic neurons occurred within larger zones containing sparsely distributed Fos-labeled parvalbumin neurons. Moreover, when the cortical stimulation induced expression of Fos-like protein only in sparsely distributed neurons, almost every putamenal neuron expressing Fos was a parvalbumin-containing (GABAergic) interneuron. These patterns suggest a model in which the primate sensorimotor cortex can target parvalbumincontaining inhibitory interneurons, which in turn depress the remaining neuronal activity within and around matrisomes in a feed-forward manner until sufficient coherent cortical input can overcome the inhibition to influence selectively enkephalinergic projection neurons in the activated matrisomes. Tuning of cortical input by striatal interneurons thus may be an important mechanism by which broader anatomical connections are dynamically adjusted to achieve selective flow of information through the basal ganglia.
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Key words : basal ganglia; striatum; somatosensory cortex; motor cortex; Fos; Jun B; immediate-early gene; interneuron; parvalbumin; coherent activity; primate; tract tracing; striosome-matrix A single medium spiny projection neuron in the striatum may receive Ͼ10,000 excitatory inputs from the cerebral cortex. Any single cortical fiber, however, may synapse only once or a few times on any such projection neuron (Wilson, 1995) . How, then, are cortical inputs coordinated to bring about activation of striatal neurons? One idea that has been raised is that convergence of coherently active cortical input fibers is necessary to activate striatal neurons and that such convergence is brought about by the modular organization of corticostriatal inputs terminating in striosomes or in patchy matrix domains called matrisomes. Selective convergence and divergence of corticostriatal inputs from different cortical areas thus could serve to delimit functional modules in the striatum, providing a substrate for differential contextdependent activation of striatal projection neurons Graybiel, 1991, 1993a; Parthasarathy et al., 1992; Cowan and Wilson, 1994; Graybiel et al., 1994; Plenz and Aertsen, 1994; Graybiel and Kimura, 1995; Houk and Wise, 1995) .
In the monkey, overlapping and nonoverlapping clusters of corticostriatal fibers and striatal projection neurons have indeed been demonstrated neuroanatomically in tract-tracing studies (Flaherty and Graybiel, 1993a) . The functional consequences of such anatomical configurations, however, have yet to be discovered. In the work described here, we attempted to measure the functional influence of cortical inputs on their target domains in the squirrel monkey striatum. We combined anterograde corticostriatal tract tracing from electrophysiologically identified sites in the somatosensory and motor cortex with the immunohistochemical detection of immediate-early gene (IEG) proteins expressed in response to focal electrical stimulation of these cortical sites. The IEG proteins we chose to monitor, Fos and Jun B, are leucine zipper transcription factors that are rapidly and transiently expressed in response to a variety of cellular signals (Sheng and Greenberg, 1990 ). In the rodent, electrical stimulation of the cerebral cortex induces the expression of Fos and Jun B in striatal neurons, presumably by evoking the release of glutamate at corticostriatal synapses (Fu and Beckstead, 1992; Wan et al., 1992; Besson et al., 1993; Parthasarathy et al., 1994; Liste et al., 1995) .
With these combined techniques, we were able to detect matrisomes as the patchy distribution domains of somatotopically defined sensorimotor cortical input fibers within the matrix compartment of the putamen and, in the same or in adjacent sections, ensembles of postsynaptic striatal neurons sufficiently stimulated to express immunodetectable Fos or Jun B. In addition, by double-label immunohistochemistry, we were able to determine the phenotypes of the responsive striatal neurons. Our findings suggest the presence of dynamic focusing mechanisms in the primate striatum by which the sensorimotor cortex can activate highly selective subsets of striatal neurons in modular ensembles.
MATERIALS AND METHODS
Experiments were performed on eight hemispheres in six squirrel monkeys (Saimiri sciureus and Saimiri sciureus macrodon), typically in two-or three-stage surgeries.
Before the first two surgical procedures, monkeys were tranquilized with ketamine (12 mg/kg); anesthetized with xylazine (0.7 mg/kg); and given atropine (0.04 mg/kg), dexamethasone (0.1 mg/kg), and DiTrim (30 mg/kg). Anesthesia was maintained with ketamine (in doses of 5 mg/kg) and was supplemented, before surgical procedures, by buprenorphine (0.01 mg/kg). Lactated Ringer's solution (2.3 ml/kg/hr, usually intravenously) was given during the experiment. Between surgeries, the monkeys were treated with Tribrissen (30 mg/kg, b.i.d., p.o.) .
During the first surgery, selected regions of the somatosensory and motor cortex were exposed under sterile surgical conditions, and a thin layer of viscasil was placed over the exposed neocortex. Primary motor cortex (MI) was located by eliciting visually monitored movements with intracortical microstimulation. Trains of symmetric biphasic paired pulses (cathodal pulse leading, 0.2 msec each, 250 pulse pairs/sec) or single cathodal pulses (0.2 msec pulse width, 250 pulses/sec) were delivered for 50 -100 msec through a low-impedance platinum-iridium electrode inserted into the cortex. Movements were typically evoked at stimulus intensities of ϳ50 A. Areas 3a, 3b, and 1 of primary somatosensory cortex (SI) was located by monitoring neural activity recorded during tactile stimulation (ϳ1 M⍀ platinum-iridium electrodes, MicroProbe, Clarksburg, MD). Sites of electrode penetrations were marked on an enlarged photograph of the exposed cortex. Because of the multiple, closely spaced surgeries required for these experiments, just enough time was taken to identify the somatotopic representation within the cortical areas of interest based on previous experience in this laboratory of mapping SI and MI in the squirrel monkey (Flaherty and Graybiel, 1991 , 1993a , 1995 . The average spacing of stimulation and recording sites was 0.5 mm. After the completion of mapping, anterograde tracers were introduced into the cortex through a glass micropipette at the site chosen during the mapping session and were identified by reference to the photographic print on which electrode penetrations were marked. The micropipettes were attached to a pressure-injection system (Picopump, World Precision Instruments, Gaithersburg, MD) capable of delivering tracer in aliquots as small as 1-2 nl. In four monkeys, [
35 S]methionine (10 -70 nl, 200 Ci/l, NEN) and wheat germ agglutinin-conjugated horseradish peroxidase (WGA-HRP, 15-30 nl, 10%) were pressureinjected into electrophysiologically determined sites in MI or SI. In two monkeys, biotinylated dextran amine (BDA; 80 -200 nl, 10%) was pressure-injected into a single chosen site in MI or SI. Injected amounts were monitored by tracking a fiducial air bubble in the pump line, and injection site loci were recorded on the photographic mapping record. After tracer injection, the surgical field was thoroughly lavaged with sterile saline, neomycin-sulfate/dexamethasone ophthalmic solution was applied to the surface of the cortex, the cortex was covered with gelfoam, and the opening was closed in layers.
In the monkeys in which BDA was injected, a second surgery was performed 10 d later. The original surgical field was reexposed, and SI and MI cortex was mapped further. [
35 S]methionine or WGA-HRP was then pressure-injected into a second, electrophysiologically determined location.
Parameters for stimulation to induce IEG expression were derived from a preliminary series of experiments performed in rats (Parthasarathy, 1996) . In these experiments, monopolar stimulation proved much less effective than bipolar stimulation at comparable intensities for inducing striatal IEGs. For electrode distances Ͻ1.5 mm, area and density of striatal IEG induction was quite variable and proportional to the separation distance between electrodes.
Two days after the last tracer injections were made, a surgery was performed to permit microstimulation of the sensorimotor cortex. Each monkey was anesthetized with Nembutal (20 mg/kg, i.p.), and the surgical field was again exposed. Parallel bipolar platinum-iridium (MicroProbe) or tungsten (A-M Systems) wire electrodes, ϳ1.5-2 mm apart, were used to stimulate the cortex for 1-2 hr at sites chosen from the previous mapping experiments and identified by vascular landmarks and, in the case of MI stimulation, by microstimulation. Stimulation was delivered in symmetric biphasic pulses of 0.2 msec pulse width each, at 200 -500 A, in 40 msec trains (4 trains/sec, 250 pulse/sec; see Table 1 ). For the experiments in which sites in MI were stimulated, the stimulus intensity was adjusted so that a discrete, well-localized movement of the somatotopically corresponding body part was visible throughout most of the stimulation period. Depth of anesthesia was judged by monitoring muscle tone and heart rate and, if necessary, supplemental Nembutal (ϳ5-7 mg/kg) was given intraperitoneally during the stimulation period. Supplements were given to three of the monkeys (SMRC46, 48, and 49). Two hours after the onset of stimulation, the monkey was deeply anesthetized with Nembutal (on average, 50 mg/kg) and was perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer containing 0.9% saline (PBS) or 4% paraformaldehyde in 0.1 M sodium cacodylate buffer.
Tissue preparation and histology. Brains were blocked transversely or in the midsagittal plane, and the blocks, after being soaked in buffer con- For autoradiography, sections were mounted on chrome-alum-subbed slides, dried, defatted, dipped in Kodak NTB-2 emulsion, dried again, and stored in light-tight boxes at Ϫ20ЊC for 1-8 weeks. Sections were developed in Kodak D19 developer and counterstained through the emulsion. WGA-HRP histochemistry was performed by a modified TMB method (Mesulam, 1978) . BDA histochemistry was identical to the avidin-biotin incubation for immunohistochemistry.
Immunohistochemistry to detect IEGs was performed with commercially available polyclonal antiserum raised against c-Fos (Oncogene Science Ab-2, 1:200 and 1:500) or with Jun B antiserum (1:3000 lot #725-5 and 1:10,000 lot #725/3) kindly donated by Dr. R. Bravo (BristolMyers Squibb, Princeton, NJ). The patterns of immunoreactivity observed with the polyclonal antisera used refer strictly to antigens detected with these antisera and may involve related proteins or peptide species, including Fos-like and Jun B-like proteins. Such terms as Jun B-positive, Jun B-like immunoreactive, and Jun B-immunoreactivity are used accordingly. Commercially available antibodies and antisera were used to detect ChAT (Incstar, 1:2000) , parvalbumin (Sigma, St. Louis, MO; 1:1000), calretinin (Swant, 1:5000) or met-enkephalin (Incstar, 1:1000). Immunohistochemical detection of dynorphin was attempted without success with commercially available antisera (Peninsula Dyn A(1-8) and Dyn B, 1:1000, 1:5000, 1:10,000) and rat dynorphin B 1-29 antiserum donated by Dr. S. Watson.
Sections processed for immunohistochemistry were first treated with 10% methanol and 3% hydrogen peroxide to inhibit endogenous peroxidase activity and to eliminate cross-reaction with WGA-HRP, then were incubated with 5% normal secondary serum and incubated overnight at 4ЊC in primary antiserum in PBS containing 0.2% Triton X-100. After a 1-2 hr incubation with biotinylated secondary antibody, sections were processed with avidin-biotin kits (Vector Laboratories, Burlingame CA) and nickel-enhanced diaminobenzidine (DAB). Dual-antigen immunohistochemistry was performed serially. Sections were washed overnight in PBS-Triton X-100; carried through the first antiserum incubation; passed through blocking steps in hydrogen peroxide, avidin, and biotin; and finally were incubated with the second antiserum. BSA was substituted throughout for normal secondary serum. The first antigen was detected with nickel-enhanced DAB (black reaction product), the second with cacodylate-buffered DAB (brown reaction product). In instances in which double-labeling of Fos and enkephalin antigens was performed, the Fos-like immunoreactivity was demonstrated with gold-conjugated secondary antiserum (1:50) followed by silver intensification as necessary with Intense-M kit (Amersham, Arlington Heights, IL). To obtain double-labeling for Fos-like or Jun B-like immunoreactivity and NADPH diaphorase (nitric oxide synthase), NADPH diaphorase histochemistry (Vincent et al., 1983) was performed after the immunohistochemical (DAB) reaction for Fos-like or Jun B-like immunoreactivity.
Data analysis.Sections were charted by camera lucida, either by hand or with a Eutectics computerized image analysis system. Fos-positive and Jun B-positive nuclei were charted at 20ϫ. Unless otherwise specified, the transcription factor plots are schematic representations of the observed distributions (i.e., within the densest fields of induction, not every nucleus was counted). For purposes of comparison only, the approximate density of Fos induction was calculated by counting the nuclei on three crosssections and dividing the total counts by the volume in which they were found (area of the induction ϫ 40 m).
For comparison of the distributions of fibers labeled with [ 35 S]methionine or WGA-HRP with the distributions of striatal neurons expressing Fos-like or Jun B-like immunoreactivity, serial sections were plotted, unless otherwise indicated. The outline of the section processed for IEG protein immunohistochemistry was first traced on the Eutectics system and printed. Blood vessels were then traced onto the printed image by hand with the aid of a Wild microscope with drawing-tube attachment. The adjacent section processed for autoradiography was aligned according to the blood vessel pattern, and the outlines of the corticostriatal fiber projection were drawn. This final composite drawing was retraced on a Summagraphics tablet into the Eutectics system computer and saved as a Hewlett Packard Graphics Language (HPGL) file. Plots of Fos-or Jun B-positive nuclei within the boundaries of the same region of the putamen were also saved as an HPGL file, and the two images were converted and aligned with an automatic function of Corel-Draw 3.0 (Corel Corporation).
Doubly labeled neurons were charted at either 40ϫ or 63ϫ in sets of sections spaced ϳ1 mm apart. The study was restricted to Fosimmunoreactive neurons stained with markers for neuronal phenotypes. For each section, a border around the region of gene induction in the putamen just sufficient to enclose all Fos-positive nuclei was drawn at low power. For interneuronal stains, all singly and doubly labeled interneurons within the region of gene induction were counted, and the numbers of doubly labeled neurons were expressed as percentages of all interneurons. For staining of Fos-positive neurons and enkephalinergic neurons, 40ϫ microscope fields were chosen randomly within the region of dense gene induction and all Fos-positive nuclei were plotted. The numbers of doubly labeled Fos-positive, enkephalin-positive neurons within these field were expressed as percentages of the total Fos-positive population.
BDA allows detection of individual fibers and putative terminal varicosities (Brandt and Apkarian, 1992; Veenman et al., 1992; Rajakumar et al., 1993; Reiner et al., 1993) . In BDA-stained sections, labeled varicosities were plotted and counted at 63ϫ. Sections were typically 40 m thick. A plane of focus showing the apparent maximal density of varicosities was chosen, and all varicosities were charted within this plane. BDA-labeled and Fos-positive nuclei were stained on the same sections and thus could be charted coordinately. The charts were converted to HPGL files and then to Corel-Draw files.
RESULTS

IEG induction in the putamen in response to stimulation of sensorimotor cortex
We electrically stimulated sites in either SI or MI cortex in eight hemispheres to induce the expression of IEG proteins (Table 1) . We chose stimulation conditions as described in a preliminary report on this technique in the rat (Besson et al., 1993 ), which we also tested in the rat (Parthasarathy et al., 1994) . Trains of high-frequency pulses (250 pulse pairs /sec in 40 msec trains, 4 trains /sec) were delivered for 1-2 hr through parallel bipolar electrodes spaced 1.5-2 mm apart. In all cases for which we followed these parameters, Fos-like immunoreactivity and Jun B-like immunoreactivity were induced in neurons in the ipsilateral putamen. In two cases, one in which stimuli were applied through a single concentric bipolar electrode (SMRC48L), and one in which parallel bipolar electrodes were spaced much less than 1 mm apart (SMRC46R), little or no specific IEG induction was observed. We found similar patterns of induction for stimulation of MI and SI. In two unstimulated control hemispheres, no Fos-positive nuclei were observed in the putamen. Apparently, constitutive expression of Jun B-like immunoreactivity was present in scattered neurons throughout the striatum in untreated control hemispheres.
Comparisons of afferent fiber distributions and IEG induction stimulated from somatosensory cortex
Cases could be divided into two groups according to the density of induction within these zones: weakly activated (Ͻ4000 nuclei / mm 3 ; SMRC43, SMRC48R, SMRC49, SMRC51) and strongly activated (Ͼ12,000 nuclei /mm 3 ; SMRC44, SMRC46L). In both groups, Fos and Jun B were expressed in variably patchy domains. The zones of Fos and Jun B induction in the putamen ranged in cross-sectional area from 0.3 to 1.5 mm. In the cases with strong induction, clear focal clusters of Fos-positive and Jun B-positive nuclei were present in addition to a more scattered distribution of immunoreactive nuclei (Fig. 1) . The distributions of Fos-positive and Jun B-positive nuclei lay in corresponding regions of the putamen, but the Jun B-immunoreactive neurons were more densely distributed in the clusters, and it was necessary to judge the pattern of induction against a background of weak constitutive expression.
To meet the condition of having parallel bipolar stimulating electrodes ϳ1.5-2 mm apart, a distance near or exceeding the width of subareas within SI-MI cortex, we usually used the strategy of placing the parallel bipolar stimulating electrodes across homologous body part representations in adjacent areas (e.g., across areas 3a and 3b of SI cortex). Such homologous sites in SI and MI cortex have convergent corticostriatal projections to tightly overlapping matrisomes within the ipsilateral putamen in the squirrel monkey Graybiel, 1991, 1995) .
In three hemispheres, we combined electrical stimulation of the SI cortex with injections of anterograde tracers in somatotopically corresponding sites in SI and compared the subsequent expression of Fos and Jun B proteins with the distributions of labeled corticostriatal fibers.
IEG induction and afferent labeling from somatotopically corresponding sites in SI cortex
In one hemisphere (SMRC46L, Fig. 1 ), we mapped the foot region of area SI and injected [ 35 S]methionine into the digit representation of area 3b. We matched the injection site by electrically stimulating across the cutaneous digit representation in SI, placing one electrode at the site of tracer injection in area 3b, and the second electrode in the foot region of area 1.
Autoradiographically labeled fibers were found in extended rostrocaudal and mediolateral arrays, which in individual transverse sections appeared as multiple patches in the dorsolateral putamen (Fig. 1 A) . As expected from previous work, these patches lay in the extrastriosomal matrix and thus correspond to input matrisomes Graybiel, 1991, 1993a; Graybiel et al., 1993) . With extended autoradiographic exposure times, these patches were seen as intensely labeled hot spots surrounded by more weakly stained halos of anterograde labeling. Fos and Jun B were strongly induced in dense clusters of neurons (density of Fos-immunoreactive nuclei Ͼ 16,000 nuclei /mm 3 ). There was a striking correspondence between the distributions of Fos-and Jun B-labeled nuclei and the distribution of the methionine-labeled afferents (Fig. 1) . The densest accumulations of neurons expressing Fos-and Jun B-like proteins were in the hot spots of autoradiographic labeling. Some IEG-positive nuclei also were in the surrounding halo regions. Beyond these autoradiographically labeled afferent distribution zones, there were almost no Fos-labeled nuclei and only background levels of Jun B expression. Thus, the dense, patchy zones of afferent labeling matched the zones of dense IEG induction, and zones without above-background afferent labeling also lacked above-background IEG induction. Figure 2 illustrates the results in a second experiment (SMRC48R), in which we again mapped and injected the foot representation of area 3b. We stimulated across the D2-5 digit representations after having injected [
35 S]methionine into the D1 and dorsal foot representation, which lay farther lateral in SI. Stimulation in this case resulted in a somewhat sparser distribution of Jun B and a much sparser distribution of Fos (density of Fos Ͻ4000 nuclei /mm 3 ) than the distributions found in SMRC46. Nevertheless, there was a close spatial correspondence between the IEG induction and anterogradely labeled corticostriatal fiber distributions. The same sections processed for Jun B were also processed by autoradiography. These sections demonstrated a patch-for-patch overlap of the dense clusters of Jun B-positive neurons and the intense patches of labeled corticostriatal fibers (Fig. 2) . The halo regions of afferent labeling had more sparse distributions of Jun B-labeled nuclei, but these levels were still above background. The sparsely distributed Fos-positive nuclei covered more of the halo regions of the corticostriatal fiber fields than did the Fos distributions found in the case illustrated in Figure 1 , and some Fos-positive nuclei lay just at the edges of the halos. This slight offset may have been attributable to the fact that the sections processed for Fos and for autoradiography were separated by an intervening 40 m section.
Comparison of IEG induction and afferent labeling from identical sites in SI cortex
In the cases just described, we found a high degree of correspondence between the distribution of IEG induction and afferent fiber labeling, even though we compared the results of stimulating (Gergen and MacLean, 1962) and the actual section numbers.
between two electrodes with the results of injecting a single, topographically related site. In practice, there are technical difficulties in aligning parallel bipolar stimulation and a single injection site. Exactly straddling the injection site with the stimulating electrodes would not be ideal, because the current density would be highest at the two poles.
To examine the correspondence between afferent innervation and IEG expression stimulated from identical cortical sites, we used two additional anterograde tracers, BDA and WGA-HRP. BDA has the significant advantage of having a much higher resolution than the other tracers available for use in our experiments, allowing individual fibers and varicosities to be readily identified at high magnification (see Fig. 8 A) . With three tracers, we were able to place each electrode at the center of an injection site and compare the IEG induction with the distribution of fibers labeled from each site. Further, we were able to compare these induction and afferent patterns with afferent distributions labeled from a neighboring, nonstimulated site injected with the third tracer.
In case SMRC49 (Fig. 3) , we mapped the hand /forearm representation of area SI and placed BDA in the digit representation of area 1, [
35 S]methionine in the digit representation of area 3b, and a third tracer, WGA-HRP, into the forearm region of area 3b and 1. The stimulating electrodes were placed in the cortical sites corresponding to the [ 35 S]methionine and BDA injections sites. The BDA injection in area 1 was Ͻ1 mm in diameter (Fig. 3) . In the ipsilateral putamen, terminal varicosities labeled with BDA were densely distributed in ventrolateral patches separated by long, sparsely branching fibers. The BDA-labeled projection field extended Ͼ1.5 mm mediolaterally and 1.0 mm anteroposteriorly. The diameter of the [ 35 S]methionine injection site in area 3b was twice the size of the BDA injection. The [
35 S]methionine-labeled fiber projection within the striatum overlapped the BDA-labeled field but was correspondingly larger, extending farther dorsomedially. The WGA-HRP injection was large, nearly 3 mm in diameter, and did not overlap the BDA site and only slightly encroached on the [ 35 S]methionine injection site. The main WGA-HRP labeling in the putamen did not overlap the BDA-or [ 35 S]methionine-labeled fields, but instead, appeared considerably medial to them (data not shown).
Because three different tracers were used in the experiment, striatal sections for IEG analysis were limited, and we therefore confined the analysis to immunostaining for Fos-like immunoreactivity. Stimulation across the BDA and [
35 S]methionine injection sites induced Fos expression in neurons within the striatal distribution fields labeled by these two tracers (Fig. 3) . Indeed, although the Fos-positive neurons were sparsely distributed in the putamen (Ͻ4000 nuclei /mm 3 ), they were located at the centers of the clusters of BDA-labeled terminal varicosities and also matched the hot spots of autoradiographically detected [
35 S]methionine labeling (Fig. 3) . The most medial of the Fos-positive nuclei were along the edges of the BDA terminal field, but they still were centered within the field of [
35 S]methionine-labeled projection. There was no overlap between the region of Fos induction and the input field labeled with WGA-HRP from the nonoverlapping cortical WGA-HRP injection site.
Somatotopic organization of IEG induction in the putamen stimulated from MI cortex
In four hemispheres, we electrically stimulated regions of MI to induce IEG expression in the striatum. For each experiment, we chose an intensity of stimulation sufficient to obtain discrete movements reliably throughout the stimulation period. In this series of experiments, we made an explicit attempt to test the fidelity of somatotopic ordering of the induced IEG expression with the elicited movements as functional somatotopic markers. Figure 4 shows charts of Fos-positive nuclei in three hemispheres in which stimulation was applied, respectively, at the foot, forearm, and wrist representations. A simple foot-up, hand-down topography is apparent, conforming to the somatotopy reflected in corticostriatal projections to the squirrel monkey putamen Graybiel, 1991, 1993a) . In each case, the Fospositive nuclei formed distributed arrays of more or less focal clusters in individual sections. As found for stimulation of the SI cortex, the intensity of Fos-like immunoreactivity per nucleus and the density of Fos-positive nuclei in the affected regions of the putamen varied considerably among the cases. Jun B-like immunoreactivity was expressed in patterns closely corresponding to that of Fos-like immunoreactivity, except that the Jun B labeling was denser and accompanied by background levels of Jun B expression.
In spite of the well-documented contralateral corticostriatal projection from MI cortex (Jones et al., 1977) , very little induction of IEGs was elicited in the contralateral hemisphere by stimulation of MI in any of the four cases.
Comparison of IEG distribution induced by stimulation of MI cortex with input matrisomes labeled from SI cortex
In two cases, we compared the distribution of IEG expression induced by stimulation of the MI cortex with input matrisomes labeled by anterograde tracer injections in SI cortex.
In case SMRC44 (Fig. 5) , we injected the hand /forearm representation of area SI with BDA and stimulated the MI cortex to induce flexions of the forearm. The Fos expression activated in the putamen by this stimulation was strong and focally dense (Ͼ12,000 nuclei /mm 3 ), and the distribution of Fos-positive nuclei followed closely the distribution of terminals labeled from SI (see Fig. 8 A) . Jun B distributions were similar. The only failures of match between the input fibers and zones of gene induction were in small outlying patches of densely labeled varicosities in which there was no induction of either Fos (Fig. 5A) or Jun B (data not shown).
The results in this case confirm the great fidelity in overlap of corticostriatal afferent fiber distributions labeled from SI or MI and the distributions of striatal neurons induced to express IEGs on stimulation of somatotopically corresponding SI or MI sites. To test the resolution of the somatotopic match, it was necessary to pair noncorresponding injection and stimulation sites. Therefore, in case SMRC43 (Fig. 6) , we electrically stimulated MI cortex representing the foot and injected [
35 S]methionine into SI (area 3b) cortex representing the shoulder. The distribution of Fos and Jun B in the dorsolateral putamen was sparse (density of Fos-positive nuclei Ͻ4000 nuclei /mm 3 ) but was typically patchy and dorsally distributed as found for stimulation of the foot representation of SI (Fig. 2) . Anterograde labeling from the shoulder representation of area 3b was mainly ventral to the distribution of immunopositive nuclei both for Jun B (Fig. 6 ) and for Fos (data not shown). In rostral sections, the anterograde tracer and IEG protein distributions were separated by Ͼ1 mm, and the hot spots of each were several millimeters apart. In caudal sections, the two distributions abutted and slightly overlapped for Jun, but not Fos, primarily in the halo regions of autoradiographic labeling. This differential patterning at rostral and caudal striatal levels has been noted before (Flaherty and Graybiel, 1991; Brown and Feldman, 1993) .
Induction of Fos and Jun B expression in other nuclei
In one monkey (SMRC46), we processed almost every section for immunohistochemistry for Fos or Jun B. This protocol gave us the opportunity to test systematically for induction of these proteins in other structures linked to corticostriatal-basal ganglia circuitry. Stimulation of area 3b cortex representing the foot produced strong expression of both transcription factors in multiple cell clusters in the putamen and, in addition, in other direct targets of the SI cortex including (1) a discrete zone in the ventroposterior lateral thalamic nucleus (VPL), (2) the dorsolateral quadrant of the subthalamic nucleus, and (3) a crescent of the reticular nucleus of the thalamus at the level of VPL labeling. As shown in Figure 7 , this thalamic and subthalamic induction of the IEGs was found in regions labeled anterogradely from the corresponding cortical tracer injection.
Fos and Jun B expression was also induced in pallidal neurons distributed in a localized zone within the external segment of the globus pallidus (Fig. 7) , a structure that does not receive direct afferent input from the cerebral cortex, but rather, is a major target of striatal outflow. Notably, no Fos-or Jun B-positive nuclei were observed in the internal segment of the globus pallidus or in the substantia nigra, the other major nuclei receiving direct synaptic input from the striatum.
Phenotypic identification of striatal neurons expressing Fos following microstimulation of sensorimotor cortex
To identify the neurons activated in response to cortical stimulation, we performed dual-antigen immunohistochemistry on sections from four hemispheres. We studied Fos rather than Jun B because of the almost complete lack of detectable constitutive expression of Fos-like immunoreactivity in the putamen. We were able to stain the four major types of striatal interneurons: the ChAT-containing cholinergic neurons, the parvalbumincontaining GABAergic neurons, the calretinin-containing GABAergic neurons, and the nitric oxide synthase-containing somatostatin-expressing neurons. We were only able to stain one of the two main types of striatal projection neurons (those expressing enkephalin-like immunoreactivity). Despite repeated attempts, we did not succeed in staining the dynorphin /substance P immunoreactive neurons. 
Fos induction in parvalbumin-containing GABAergic interneuron
Exquisite sensitivity of stimulation-induced Fos expression was found in the parvalbumin-containing interneurons of the striatum. In hemispheres in which cortical stimulation resulted in only very sparse IEG induction in the putamen, almost all Fos-containing nuclei were found in these interneurons. This extreme responsivity of the parvalbumin-containing neurons was dramatically demonstrated in case SMRC46R, in which stimulation in the hand representation of MI induced expression of Fos immunoreactivity in the ventrolateral putamen. Approximately five nuclei per section were Fos-immunoreactive, and all were in parvalbuminpositive neurons (Fig. 8 A) . In case SMRC51 (Fig. 4) , in which stimulation of the hand area of MI induced stronger expression of Fos-like immunoreactivity (density Ͻ2000/mm 3 ), fully 84% of the strongly labeled nuclei were found in parvalbumin-containing neurons (146/174). Only when the much more weakly Fosimmunoreactive nuclei were counted, which would probably have been masked by double-labeling of the perikarya, did the percentage of co-localization for the parvalbumin interneurons drop, and even then, the parvalbumin interneurons, which themselves are very sparsely distributed relative to striatal projection neurons, accounted for Ͼ50% of the Fos immunolabeling (53%).
Neither the sparse expression of Fos-like immunoreactivity nor the predominance of Fos expression in parvalbumin-containing interneurons was limited to stimulation of MI cortex (nor to stimulation of cortex representing the hand). For example, in case SMRC48R (Fig. 9A) , stimulation in the foot representation of area 3b induced relatively weak Fos expression (density Ͻ4000 nuclei /mm 3 ), and yet 75% of these (180/241 counted) were in parvalbumin-containing neurons.
The distributions of the Fos-positive parvalbumin interneurons followed the patterns already described for other cases. They followed a foot-up, hand-down pattern in the putamen and were in partly interconnected clusters. It was striking that the nonparvalbumin containing Fos-positive neurons in these cases were intermingled with the parvalbumin-positive neurons and often had distributions that extended beyond those of the parvalbuminpositive neurons. In many sections, this gave the impression that the parvalbumin-negative Fos-labeled cells formed small clusters within the larger clusters of Fos-labeled parvalbumin-positive neurons (Fig. 9) .
There was an equally striking distribution of Fos-labeled parvalbumin interneurons when the induction of Fos expression in the putamen was intense. This is shown in Figure 9 , B and C, for case SMRC46L, in which electrical stimulation applied to the foot representation of area 3b induced very strong expression of Fos in the putamen (density Ͼ 16,000 nuclei /mm 3 ). Although they came to be a minority of all neurons expressing Fos-like immunoreactivity (Ͻ Ͻ 20%), virtually every parvalbumin-containing neuron in the field of induction strongly expressed Fos (95%, 275/291; Fig.  8C ). Fos-positive parvalbumin-negative neurons again tended to lie within the distribution zones of the parvalbumin-containing Fos-positive neurons and tended to form clusters inside them. Thus, the local intracortical stimulation typically induced a pattern of Fos expression in which Fos-positive parvalbumin interneurons formed patchy fields within which there were, in addition, dense foci of parvalbumin-negative neurons (see example at high magnification in Fig. 9C ).
Fos induction in other striatal interneurons
In cases with very weak induction of Fos-like immunoreactivity, the parvalbumin-containing interneurons were the only, or nearly the only, interneuronal cell type activated to express Fos in response to stimulation of sensorimotor cortex. For example, in case SMRC51 described above, the parvalbumin-immunoreactive interneurons were the only Fos-positive interneurons we observed. No Fos co-localization was present in neurons stained for NADPH diaphorase, calretinin, or ChAT. However, in SMRC46L, in which induction of Fos was strong and dense, 60% (30/50) of NADPH diaphorase-containing neurons in the field of induction expressed Fos-like immunoreactivity (Fig. 8 D) . NADPH diaphorase-containing neurons in the center of the fields of induction almost always expressed Fos, whereas the likelihood of co-localization dropped at the peripheries of the fields. Thus, the composite percentage value of 60% combined a near 100% value at the center of the Fos-positive clusters and a much lower value near the edges of the clusters. Only 12% (18/153) of the calretinin-containing neurons were found to express Fos (Fig.  8 E) , and, in contrast to the NADPH diaphorase-containing neurons, these were not concentrated at the centers of the fields of induction, but scattered through them. Fos-like immunoreactivity was not expressed in any of the cholinergic interneurons we analyzed (n ϭ 103, Fig. 8 F ) .
Induction of Fos-like immunoreactivity in enkephalin-immunoreactive neurons
To analyze IEG induction in striatal projection neurons, we performed double immunostaining for Fos-like immunostaining and enkephalin-like immunoreactivity in three hemispheres, SMRC46L and SMRC44, and SMRC51. In case SMRC51, as expected from the analysis of Fos expression in striatal interneurons, only occasional enkephalin-positive cells were found to express Fos. However, in SMRC46L and SMRC44, in which Fos expression was intense (Fig. 8G ) and interneurons accounted for only a small fraction of the Fos expression, Fos and enkephalin were highly co-localized. We calculated the percentages of all Fos-positive nuclei that were in enkephalin-immunoreactive neurons to obtain a value for the responsivity of these projection neurons, which constitute approximately half the projection neurons in the striatum. Because we had no successful immunomarker for the other (dynorphin /substance P immunoreactive) projection neuron class, we made estimates of the probable amount of labeling of these neurons by taking into account the values for the enkephalin-positive neurons and the density and labeling values for the four interneuronal types discussed above. Both in case SMRC46L, in which the cortical stimulation was of the SI area 3b foot representation, and in case SMRC44, in which MI forearm representation was stimulated, ϳ75% of all Fos-positive nuclei were in enkephalin-immunoreactive neurons (267/355 in SMRC46 and 115/150 in SMRC44) . If only 5% of the remaining Fos-positive nuclei in the regions of densest expression were found in interneurons (parvalbumin-containing and NADPHdiaphorase containing), this would leave ϳ20% as the maximum possible labeling that could be accounted for by the dynorphin / substance P-containing projection neurons. 
DISCUSSION
Striatal neurons in alert behaving monkeys have highly contextdependent properties (Hikosaka et al., 1989; Alexander and Crutcher, 1990; Kimura, 1990; Schultz and Romo, 1992; Jaeger et al., 1993) . These properties are thought to contribute to the motor control functions of the basal ganglia and to derive from selective activation of convergent inputs onto modular arrays of striatal neurons. Coherent activity of these convergent inputs is thought necessary to activate striatal projection neurons. Despite suggestive anatomical evidence for such convergent modular organization, however, no functional evidence for these models has yet been available. We used the strategy of monitoring IEG activation by cortical microstimulation as a way to examine the population response of striatal neurons to coherent activation of cortical inputs. Our findings suggest that local sites in SI and MI cortex can activate clusters of striatal neurons and raise further the possibility that the degree of convergent activation is regulated by striatal interneurons. The main targets of this cortical input, as measured in the gene induction assay, were neurons of the indirect striatopallidal pathway and subsets of striatal interneurons. This suggests that the sensorimotor cortex may selectively and dynamically regulate the release functions of the basal ganglia motor circuit.
The use of IEG induction to study neuronal ensembles
We used the gene induction assay (Sagar et al., 1988; Hughes and Dragunow, 1995) as a form of functional imaging. Like deoxyglucose-related and cerebral blood flow-related methods (Sokoloff et al., 1977; Raichle, 1994) , this method lacks temporal information about neural responses and leaves open the question of how the activation measured relates to electrophysiological activity. However, such techniques share the advantage of permitting measurement of large-scale activity patterns, and the gene induction assay, in particular, offers the possibility of transneuronal cellular identification.
By stimulating both SI and MI, we tried to avoid some obvious indirect routes for the activation of striatal neurons other than the direct corticostriatal pathway. For example MI, but not SI, projects strongly to the centre median, which in turn projects to the putamen (Yeterian and Van Hoesen, 1978; Jones et al., 1979) . The activation patterns we found are consistent with both the somatotopic and modular patterns of corticostriatal afferents labeled in the same experiments. We cannot, however, exclude the possibility that other routes were responsible or acted cooperatively in producing the observed striatal gene activation. In particular, antidromic excitation of corticocortical axons could have produced coherent activity in multiple cortically interconnected regions, the convergence of whose efferents might be necessary to activate striatal neurons. Indeed, the absence of induction in the contralateral putamen by MI stimulation is consistent with this idea as contralaterally interconnected homotopic MI sites mainly send nonoverlapping projections to the striatum (Flaherty and Graybiel, 1993) and should, therefore, not synergistically activate striatal neurons.
Finally, the barbiturate anesthesia used in these experiments may have been responsible for limiting the number and cell type in which Fos expression was induced. For example, deep anesthesia could have reduced cortical excitability and thereby accounted for differences in induction observed among cases for which similar regions were stimulated. However, the striking selectivity we found for corticostriatal activation of indirect pathway neurons has also been found by our group in awake freely moving rats (S. Berretta, H. Parthasarathy, and A. Graybiel, unpublished observations).
Input-output matrisomes in the primate putamen
Our results provide strong support for the notion of matrisomes as pre-and postsynaptic organizing features of the striatal matrix. BDA labeling resolved afferent fiber patches, because clusters of terminal varicosities connected with one another and to the white matter by long, thick BDA-labeled axons. These connecting fibers had few BDA-labeled varicosities. The borders of the clusters of varicosities and their matching cell clusters were thus quite sharp. Furthermore, afferent fiber clusters were closely matched by clusters of immunoreactive striatal neurons showing gene expression induced from cortical sites matching those injected with tracer, and neurons outside the afferent fiber distributions were only rarely immunoreactive for Fos or Jun B beyond constitutive levels. Thus, clusters of input fibers labeled from focal sites in sensorimotor cortex can functionally activate corresponding clusters of striatal neurons in the primate putamen.
Differential activation of basal ganglia indirect pathway neurons by stimulation of sensorimotor cortex
Our phenotypic analysis of the striatal neurons activated by stimulation of sensorimotor cortex demonstrated that most of the Fos-positive neurons in the densely labeled cell clusters were enkephalinergic projection neurons. These neurons make up approximately half of all striatal projection neurons and are the neurons that project to the external segment of the globus pallidus (Penny et al., 1986; Shivers et al., 1986; Flaherty and Graybiel, 1993b) . Our quantitative estimates indicate that only a small 4 SI cortex induced intense Fos expression in cell clusters in the putamen. The parvalbumin-containing neurons that express Fos (red dots) account for only a minority of all Fos-labeled nuclei (ϳ20% in the 4 sections illustrated). They form clusters within which are clusters of much more numerous neurons not double-labeled for parvalbumin (black dots). Coordinates under each section indicate approximate AP values and section numbers. Section 401 (A8.5) is shown at higher magnification in C. Note that around the core of the patch, there is a rim of parvalbumin-containing Fos-positive neurons with very few nonparvalbumin-containing Fos-positive neurons. The central patch contains ϳ98% of the nonparvalbumin-containing neurons, whereas the rim around it contains ϳ2% of them. By contrast, the parvalbumin-containing Fos-positive neurons are approximately evenly spaced through the patch (ϳ44% in and ϳ46% out of the central core). D, Population dynamics of corticostriatal activation. Schematic diagram depicting selective induction of Fos-Jun B proteins in enkephalin-containing indirect pathway neurons (e) and in parvalbumin-containing interneurons ( p) in the sensorimotor sector of the primate putamen after local electrical stimulation of the sensorimotor cortex (SI, MI). Results suggest that the cortical stimulation induces Fos expression in clusters of enkephalin-containing projection neurons. The clusters also contain sparsely distributed Fos-labeled interneurons (primarily parvalbumin-containing classes and (data not shown) NADPH diaphorase-containing classes). The Fos-positive parvalbumin neuron distributions tend to extend beyond the central clusters of Fos-labeled enkephalinergic neurons. These clusters correspond to input matrisomes anterogradely labeled from the cortex. This pattern suggests as a working hypothesis that parvalbumin-containing interneurons, which are fast-firing inhibitory neurons, set up local fields of inhibition on corticostriatal activation, but that with stronger coherent corticostriatal activation (red corticostriatal neuron), focal excitation of indirect pathway neurons is achieved (ϩ). Inactive elements or elements with levels of activation insufficient to induce expression of Fos-Jun proteins are shown in gray. d, Dynorphin-containing direct pathway neurons.
